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Abstract
Singapore's Public Utilities Board (PUB) aspires to bring Singaporeans closer to their water
bodies through recreational activities so that they may cherish them and be more conscious of
water scarcity. However, there have been water quality concerns in the reservoirs and the
stormwater drains feeding them. In order to protect public health, the point and non-point sources
of contamination need to be identified. The purpose of this study was to determine if sewer leaks
near building connections are a source of fecal contamination in the stormwater drainage system
in Singapore. A two-step study was designed and implemented. First, water samples were
collected from the downstream reaches of the stormwater drainage system to the upstream
reaches in two high-density residential neighborhoods: Toa Payoh and Choa Chu Kang. The
samples were analyzed for total coliform, Escherichia coli (E. coli), and enterococci to identify
locations with high bacterial concentrations or hot spots. Then, a tracer study was conducted near
a hot spot to determine if pathways exist between the sewer system and the stormwater drains. It
was shown that sewers near building connections can leak into the stormwater drains, probably
through preferential pathways such as concrete cracks or soil macropores. Sewage does not
appear to be traveling through the soil porous medium. Further studies are needed to determine if
groundwater is a medium of transport of exfiltrated sewage.
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Chapter 1: Introduction
1.1 Singapore Background
This section was written in collaboration with Tsung Hwa Sophia Burkhart, Margaret Hoff, and
Halle Ritter.
1.1.1 Singapore Water Management
Singapore is lauded by many, including the World Health Organization, as an archetype of an
integrated water resources management model (Chen et al. 2011). This recognition is not
because the small city-state has abundant water. On the contrary, it lacks sufficient naturally
occurring water resources to sustain its population of 4.8 million. Water limitations are serious
enough to warrant Singapore's inclusion by the United Nations on its list of water-scarce
countries (Ong 2010). Though the average annual rainfall of 2,400 mm is above the global
average, the country lacks the land area necessary to harvest an adequate amount of that
precipitation (Tan et al. 2009). Furthermore, the small island has no other sources of renewable
freshwater, lacking the volumes of surface- and groundwater that typically sustain other
countries. The thirsty country, which currently consumes approximately 1.36 billion liters of
water per day (Tortajada 2006), is projected to continue to grow, reaching a population of 6.5
million in the next 50 years (Chen et al. 2011), further stressing its already scarce water
resources.
Singapore scores remarkably high on a measure of the proportion of the population with
adequate water supply, both in terms of quantity and quality. As Chen et al. (2011) report, 100%
of the population has consistent access to water of sufficient quantity to meet their consumption
demands. Furthermore, 99.96% or higher of that water supply meets the World Health
Organization (WHO) drinking water standard, which, though not a universal standard, is
generally considered sufficient to ensure potability of water. Similarly, 100% of the population is
reported to have access to "adequate sanitation" (Chen et al. 2011). The country's impressive
performance in light of water scarcity is the result of careful management by Singapore's
national water utility, the Public Utilities Board (PUB), of the country's four "National Taps," its
four sources of water (Tan et al. 2009).
As previously mentioned, Singapore gets an above-average amount of rainfall, but the country
simply is not physically large enough to collect enough of that water as it falls. This spatial
limitation has long been the target of engineering projects in Singapore and has resulted in an
intricate network of rainwater collection channels and reservoirs, considered the country's first
National Tap (Tan et al. 2009). The rainwater collection system provides about 50% (Chen et al.
2011) of Singapore's daily water consumption of 1.36 billion liters (Tortajada 2006). Efforts to
expand the ability to harvest precipitation are continuing, including progressive rooftop
harvesting schemes and continuous expansion of the reservoir network, with the aim of
transforming 90% of Singapore's land area into water catchment. Despite the advanced
technology and the government's aggressive expansion of rainwater collection systems, physical
limitations still necessitate other sources of water to meet the country's needs (Tan et al. 2009).
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Singapore's second National Tap is imported water from Johor, Malaysia, which makes up
another 40% of its water supply (Chen et al. 2011). Singapore has imported a large percentage of
its water since it separated from the Federation of Malaysian States in 1965, but the relationship
has often been tense and uncertain in the intervening years. At various times, Malaysia has
threatened to cut off the water supply for political or economic reasons and agreement on pricing
has been a long-standing issue (Chen et al. 2011). There is currently an agreement in place that
will provide water to Singapore through 2061 at a price of less than S$0.01 per 1,000 liters, but
further terms are uncertain (Tortajada 2006). Driven by at-times acrimonious relations with
Malaysia, Singapore has investigated other international sources for water, including Indonesia,
but has been deterred by high development costs and the inherent insecurity of relying on other
nations for natural resources (Chen et al. 2011). Most recently, Singapore has invested
significant financial and political resources into careful water resource management, as well as
the development of its third and fourth National Taps, desalination of seawater and reuse of
wastewater, with the ultimate goal of national water independence (Tortajada 2006).
The country's first large desalination plant, the Tuas Desalination Plant, opened in 2005 with a
price tag of S$200 million (Chen et al. 2011). Though desalination technology is improving
rapidly, it still has relatively low capacity and high energy intensiveness. Accordingly, the Tuas
plant can supply 113 million liters per day (less than 7% of the country's current water demand)
at a cost of S$0.78 per 1,000 liters (Tortajada 2006). For a sense of scale, this water source is
more than seventy times more expensive than imported water, but, as of 2011, was still the
lowest cost seawater desalination plant in the world (Chen et al. 2011). High costs and lagging
technology in desalination have encouraged Singapore to explore water reuse technology, which
typically has lower economic costs than desalination but higher social barriers.
Reuse of highly treated wastewater has been explored as an alternative water source in Singapore
since 1972, with the first operational treatment plant built in 2000 (Tortajada 2006). The recycled
waste stream and fourth National Tap, locally termed "NEWater," is currently produced at four
facilities across the country and will ultimately account for more than 30% of the national water
supply (Chen et al. 2011). Though treated to a higher level than necessary to meet standards for
human consumption, the majority of NEWater is currently used for industrial water needs rather
than domestic (potable) distribution. Since 2003, a small percentage of the recycled water has
been designated for indirect potable use, in which the highly treated effluent is mixed into
existing raw water sources (Ching 2010). The percentage of NEWater designated for indirect
potable use is expected to rise, but will still remain much lower than industrial usages (Tortajada
2006). Just as with desalination, production costs will likely drop as the technology evolves, but
current reuse treatment costs are already low at approximately S$0.30 per 1,000 liters, which is
less than half the cost of desalination (Tortajada 2006).
Singapore's success in water provision, particularly in the arena of water reuse, has largely been
attributed to the organization of its water management institution, the Public Utilities Board.
Since 2001, PUB has managed the entire water cycle within the country, including potable water
delivery, sewage, waste treatment, and rainwater collection (Tan et al. 2009). In addition to
controlling the entire water cycle, PUB was also given general autonomy over its functions,
which has allowed the agency unilateral authority over all aspects of water governance, including
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pricing structures, regulatory frameworks, and enforcement mechanisms (Tortajada 2006). This
structure is touted by many to "eliminate administrative barriers in water management and make
implementation effective and efficient" (Chen et al. 2011). Furthermore, PUB is widely
considered to effectively include the private sector when appropriate and foster public
acceptance and political will through its success (Tortajada 2006).
1.1.2 Overall Water Quality Concerns
In 2006, PUB launched the Active Beautiful Clean Waters (ABC Waters) Programme, a strategic
initiative to open Singapore's reservoirs and waterways to the public for recreational activities.
The larger objective of the ABC Waters Programme is to make Singaporeans cherish their water
bodies and be more conscious of water scarcity (PUB 2009). The recreational activities include
kayaking, fishing, barbecue, and picnic activities, and may involve direct contact with the water
bodies. However, water quality of the reservoirs and waterways has been a concern for PUB. In
fact, recent studies have reported contamination in the reservoirs and the stormwater drains
feeding them. Urban runoff has been reported to contain high levels of pollutants including
suspended solids, nutrients, heavy metals, and pathogenic bacteria (Wang 2012). In order to
protect public health, there have been ongoing studies and investigations to evaluate the levels of
contamination within reservoir catchments and bacteria loading to the reservoirs and waterways
(Chua et al. 2010).
1.2 Project Background
Former Master of Engineering students from the Department of Civil and Environmental
Engineering at MIT have conducted studies to identify point and non-point sources of
bacteriological contamination in the Kranji Reservoir and the stormwater drains feeding it
(Dixon et al. 2009; Foley et al. 2010; Bossis et al. 2011). Their findings suggested multiple
surficial sources of fecal contamination such as direct discharge of sewage into the reservoir and
drains, and contaminated agricultural and urban runoff. Researchers also mentioned the
possibility of subsurface sources of contamination such as leaky sewers. It was not until last year
that a student looked into this possibility. Doshi (2012) investigated leaky sewers as a potential
source of contamination in the stormwater drainage system in Singapore.
Doshi (2012) reviewed the literature on sewer-groundwater interactions and concluded that
sewer exfiltration is generally problematic when the groundwater table is below the sewer pipe.
However, if a sewer pipe is below the water table, and is pressurized enough, exfiltration can
occur. Sewer exfiltration also depends on the rate of exfiltration, which depends on various
factors such as the depth of flow in the pipe and the characteristics of the material surrounding
the pipe. The formation and destruction cycles of clogging layers, also known as colmation
layers, at a leakage point on the pipe walls also influence the rate and time variability of
exfiltration loss. Doshi (2012) reviewed the nature of the geology and soils on the island. The
overview indicated the existence of fractures in the bedrock of Jorong Formation and Bukit
Timah Granite (Figure 1), and that the soils in Singapore have low hydraulic conductivity and
low potential to carry sewage.
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Bukit Timah Granite Gombak Norite
Kanang Formation Sajahat Formation
Jurong Formation Fault
Old Alhlvium Fold
Figure 1: Geological map of Singapore originally published by the Public Works Department of Singapore in
1974 (Doshi 2012)
Doshi (2012) also used the modeling program MODFLOW to develop a conceptual groundwater
model to predict travel times of sewage from a deteriorated sewer pipe to a stormwater drain.
She hypothesized that groundwater was transporting exfiltrated sewage from a highly
pressurized sewer pipe to the adjacent stormwater drain through pressure release nodes (Figure
2). Pressure release nodes (Figure 3), also known as weep holes, are small openings in the
concrete walls of large drains that release pore pressure, and allow groundwater to seep into the
drains (Doshi 2012; Ly and Chui 2012). Using values reported in the literature for the lateral
hydraulic conductivity (1 m/day) and default values of the program for the other parameters, she
found estimates of travel times on the order of weeks for flow through regular soil. For flow
through a high-flow-rate conduit, the travel times were less than a day (Doshi 2012).
Eventually, her findings revealed that sewers are deep and generally below the water table.
Therefore, there is little chance for there to be exfiltration of sewage into the groundwater.
Nevertheless, despite the improbability of leakage from deep sewers into the drains, her research
team noted the smell of sewage from the minor, shallow drains adjacent to buildings in the
neighborhood of Toa Payoh. These small drains eventually flow into the larger drains, which
feed reservoirs. Figure 3 shows a smaller drain flowing into a larger one at Lorong 8, Toa Payoh.
Additionally, sewer lines and pumping mains can be built as close as I m to the edge of a
building structure. Figure 4 shows the layout of a sewer line and a drain line near a building at
Lorong 8, Toa Payoh. The distance between the sewer line and the large drain is around 10 m. At
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its starting point, the sewer is buried just over 2 m. Doshi (2012) also indicates that the
connections between buildings and the sewer network are prone to damage due to subsidence. It
is possible that high hydraulic conductivity conduits, such as fractures, exist between a sewer
line near a building and the small drains adjacent to buildings (Doshi 2012).
1.3 Project Objective and Scope
This study builds upon the findings of Doshi (2012). Its main objective was to determine if sewer
leaks near building connections are a source of fecal contamination in the stormwater drainage
system in Singapore. To this end, a two-step study was designed and implemented to draw
decisive conclusions. First, water samples were collected along the stormwater drainage system
and analyzed to identify locations with high bacterial concentrations or hot spots. Then, a tracer
study was conducted to determine if pathways exist between the sewer system and the
stormwater drains. Prior to the study, a literature review on sewer leakage, bacterial
contamination, and potential tracers to use for the tracer study was used to inform the
methodology for the bacteriological analysis and tracer study.
No flow boundary
Specified head (higher)
Pressure release
node
Specified head (lower)
No flow boundary
Figure 2: Conceptual groundwater model (Doshi 2012)
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Figure 3: Photogr of drain with inflowing smaller drain (the arrow
(Ekklesia 2012)
points to a pressure release node)
Figure 4: Layout of sewer line and drain near building (Doshi 2012)
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Chapter 2: Literature Review
The objective for this chapter is to review the literature on sewer leakage, bacterial
contamination, and potential tracers to use during the tracer study to provide the framework for
the development of the methodologies in Chapters 3 and 4.
2.1 Sewer Leakage
2.1.1 Failure of the Sewer System
The sewer system is the infrastructure that conveys domestic, commercial, and industrial sewage
to wastewater treatment facilities. With an increase in population and industries, the system's
capacity becomes limited, and it can ultimately fail. Many factors can also contribute to this
failure. Structural defects of the sewer system often occur due to natural ageing, hydrogen sulfide
(H2 S) crown corrosion, defective design and construction, excessive overburden, soil settlement,
and earthquakes (USEPA 1991; Ly and Chui 2012; Shin 2012). In Singapore, sewer pipes are
prone to damage due to incidents of subsidence (Doshi 2012). Sewer pipe failure is manifested
by cracking, lateral deflection, crown sag, offset joints, deteriorated mortar, and exposed
reinforcing caused by H2 S corrosion (USEPA 1991).
Two major concerns arise from deteriorated sewer pipes: infiltration and exfiltration. Infiltration
occurs when groundwater enters the sewer system. This phenomenon is problematic because
clean water is unnecessarily sent to the treatment plant, simultaneously decreasing the local
groundwater table and increasing the cost of wastewater collection and treatment and the
hydraulic loading at collection and treatment facilities (USEPA 1991; Doshi 2012). The
emphasis on sewerage issues has nearly always been on infiltration (Ellis et al. 2004). However,
exfiltration can be significant as well. Exfiltration occurs when sewage leaks out of the system
and contaminates the surrounding groundwater and neighboring soil (EPA 1991; Ellis et al.
2004; Doshi 2012; Ly and Chui 2012). Many studies have investigated sewer exfiltration, its
consequences (e.g. soil erosion, microbiological and chemical contamination of the surrounding
groundwater and soil), and methods to quantify it (Ly and Chui 2012).
2.1.2 Quantification of Sewer Exfiltration
Different methodologies have been developed to quantify sewer leakage. Some studies have
attempted to identify the presence of microbial and chemical contaminants in groundwater (e.g.
ammonia, boron, chloride, nitrate, phosphate, and bacteria) as a way to prove sewer leakage
(Cronin et al. 2006). However, the presence of these markers for sewage does not necessarily
indicate sewer leakage. Other studies have looked at factors that influence leakage and
groundwater contamination (e.g. exfiltration rate, colmation layer) (Ellis et al. 2009). Another
approach is to accurately estimate sewer leakage using both direct and indirect methods
(Rieckermann et al. 2007; Ly and Chui 2012). Rieckermann et al. (2007) opted for a direct
method of continuously dosing tracers in the sewer system, performing a mass balance on the
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tracers, and conducting an uncertainty analysis. More recently, Ly and Chui (2012) suggested,
instead, the use of numerical modeling to understand the complex behavior of sewer leakage.
Their model would also predict sewage migration in the subsurface.
2.2 Bacterial Contamination
2.2.1 Fecal Indicator Bacteria
The primary task of this study was to assess the level of fecal contamination in the stormwater
drainage system. The potential health risk resulting from human exposure to contaminated water
bodies is correlated with the presence of high levels of pathogenic microorganisms.
Unfortunately, it is strenuous, time-consuming, and costly to screen water for the presence of all
disease-causing microorganisms (Droste 1997). As an alternative, water is routinely tested for
two bacteria groups: coliforms and fecal streptococci (USEPA 1986). These two nonpathogenic
groups commonly inhabit the digestive system of humans and other animals. Hence, they
indicate the presence of pathogenic bacteria, viruses, and protozoa that also live in the intestinal
tract of warm-blooded animals. In this study, the fecal indicator bacteria (FIB) that were
measured to monitor water quality were total coliform, E. coli, and enterococci.
2.2.].] Total Coliform
The total coliform group consists of all the aerobic and facultative anaerobic gram-negative, non-
spore-forming, rod-shaped bacteria that ferment lactose with gas formation within 48 hours at
35'C (Droste 1997). It is composed of a number of species of bacteria that share common
characteristics such as shape, habitat, or behavior. Its members include the genera Escherichia,
Citrobacter, Klebsiella, and Enterobacter (Droste 1997). Although total coliforms are
predominantly present in the feces of warm-blooded animals, some of its members, such as
Enterobacter, can also occur in animal manure, soil, submerged wood, and other extraintestinal
habitats (Droste 1997). Total coliforms are a useful FIB only if the bacteria species found are
fecal and human in origin. As a result, the EPA no longer recommends them as an indicator for
recreational waters. However, they are still used as an indicator for drinking water because they
indicate contamination from external sources (USEPA 1989).
2.2.1.2 E. coli
Escherichia coli (E. coli) is a species in the fecal coliform group, a subgroup of total coliforms.
Fecal coliforms are a more specific indicator of fecal contamination because they represent
96.4% of the total coliforms in human feces and 93-98% in the excreta of warm-blooded animals
(Geldreich 1978). Furthermore, they are less likely to multiply in the extraenteric environment
(Droste 1997). Some species of the fecal subgroup are not necessarily fecal in origin, whereas E.
coli is exclusively present in the feces of humans and other warm-blooded animals at
concentrations much higher than the pathogens it predicts (Droste 1997). Hence, the EPA
recommends E. coli as a better indicator of health risk for recreational waters (USEPA 1986).
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However, the fact that F. coli is not exclusively specific to humans makes it difficult to
differentiate human from animal wastes based on this indicator only (Field et al. 2003).
2.2.1.3 Enterococci
Enterococci are a subgroup of the fecal streptococcus group. Fecal streptococci are gram-positive
cocci, spherical or ovoid cells arranged in pairs or chains. They are non-spore-forming,
facultative anaerobic, and obligately fermentative chemoorganotrophs (Hardie and Whiley
1997). Fecal streptococci are present in the intestines of humans and other warm-blooded
animals (Droste, 1997; Hardie and Whiley 1997). They are absent from pure waters, virgin soils,
and other environments that have no contact with human or animal life (Sinton et al. 1993). Fecal
streptococci can survive in the extraenteric environment (Byappanahalli et al. 2012). Enterococci
are more reliable indicators than the larger fecal streptococcus group. In fact, they are typically
more specific to humans, they rarely multiply in water, and they are more resistant to
environmental stressors (USEPA 1986). Enterococci are endorsed by the EPA as the best
indicator to assess water quality in salt water used for recreation because they are able to survive
in saline environments (Droste 1997; USEPA 1986). They are a useful indicator in fresh water
systems as well. As a result, they are better surrogates for pathogens in water quality analyses
compared to the other indicators (Byappanahalli et al. 2012).
2.2.2 Limitations of FIB in Tropical Regions
It is assumed in this study that the presence of the aforementioned FIB indicates fecal
contamination of the stormwater drains. However, a number of studies have suggested that the
detection of FIB in tropical regions, such as Singapore, does not strictly indicate the presence of
pathogens and their contribution to fecal pollution of water bodies. In fact, these FIB are able to
grow independently of fecal sources in tropical climates. Fujioka et al. (1999) documented that
E. coli and enterococci are naturally present in soil and water in the tropical Pacific island of
Guam. Byappanahalli and Fujioka (1998) found that FIB are naturally found in moist soil
environments and can grow and replicate occasionally when conditions are relatively optimal.
Indicator bacteria have also been known to grow in bromeliads and flowering plants in the rain
forest of Puerto Rico (Rivera et al. 1988). The assays were developed for temperate climates,
which makes it difficult to draw conclusions in Singapore. As a result, the second step of the
study consisted of conducting a tracer study to determine if the sewer system is the source of
fecal contamination.
2.3 Potential Tracers
A hydrological tracer is any substance that, when introduced in a system, mixes and travels with
the flow. It is distinctive by its color, fluorescence, radioactivity, or any other specific property
(Hemond 2012). It is also defined as an identifiable substance used to follow the course of
physical, chemical, or biological processes. Some examples of tracers are: dyes of various colors,
salts, gases, radioisotopes, heat, etc. An ideal tracer has the following properties: it is easily
detectable, easily soluble, non-reactive, non-adsorptive or non-absorbable, harmless,
18
inexpensive, and with physical properties similar to the fluid (Kasnavia et al. 1999). Prior to
conducting a tracer study, the properties of the tracer need to be studied. In fact, tracer properties
may affect the test and provide erroneous results. For instance, tracers should not be lost by
deposition, fading in sunlight, adsorption, etc. Low flow velocities can cause mixing problems,
which are frequent in open channels where backflow eddies delay tracers (Hemond 2012). It is
also important to find the background or natural concentration of the tracer in the system prior to
conducting the test. A literature review on different tracers was conducted to identify the ones
that would be suitable for this study.
2.3.1 Fluorescent dyes
Three fluorescent dyes were considered in this study: fluorescein, Rhodamine B (RB), and
Rhodamine WT (RWT). They have been used to conduct a variety of hydrological studies for
more than a century. In the nineteenth century, they were used in Europe to test the hydraulic
connection between rivers and springs, or to prove the source of epidemic diseases (Mon 2004).
By the 1970s, they were widely used in the United States in hydrological investigations. They
are commonly used to study residence times and pathway connectivity of karst groundwater
(Smart and Laidlaw 1977; Mon 2004). They have also been used for a variety of applications: to
investigate dispersion in rivers, lakes, and marine/estuarine environments; to determine sources
of water pollution; to assess sewage systems; and to visualize flow patterns in the vadose zone
(Smart and Laidlaw 1977; Mon 2004).
Fluorescent dyes are attractive because of their low to negligible toxicity (Davis et al. 1980).
Smart and Laidlaw (1977) evaluated the toxicity of fluorescein, RB, and RWT. Although these
dyes have low toxicities, they could potentially harm aquatic organisms and humans if consumed
at a certain dosage for an extended period of time. RB was recognized to be more toxic than
fluorescein and RWT because it readily adsorbed on body tissue (Smart and Laidlaw 1977).
Under normal field conditions, it is not possible to get concentrations high enough to be
problematic because of rapid dilution of the dye after injection. However, Smart and Laidlaw
(1977) recommended not using RB as a water tracer.
Fluorescent dyes are relatively inexpensive, non-mutagenic, and can easily be detected
(Kasnavia et al. 1999). They can be detected even in very dilute solutions (concentrations of 0.1
to 0.01 tg/L). They can be sensed at concentrations as low as 0.001 gg/L (Kasnavia et al. 1999).
Dye concentrations are traced by spectrofluorometry or color-comparison standards. Smart and
Laidlaw (1977) also evaluated the sensitivity and detectability of fluorescein, RB, and RWT.
These parameters depend on the efficiency of the dye in converting excitation energy into
fluorescence, the transmission of the filter combination, and the background or blank
fluorescence value (Smart and Laidlaw 1977). After analysis, RB and RWT had the lowest
minimum detectability (Smart and Laidlaw 1977).
Figure 5 shows the structure of these dyes. The ionic group, COO-, increases water solubility and
decreases dye sorption due to hydrophobic forces (Kasnavia et al. 1999). The solubility of
fluorescein, RB, and RWT in water are respectively 25 g/L, 20 g/L and 180 g/L (Kasnavia et
al.1999). Smart and Laidlaw (1977) evaluated adsorption losses of fluorescein, RB, and RWT on
equipment and various sediments. RB showed poor resistance to adsorption, and consequently
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should not be used (Smart and Laidlaw 1977). Sutton et al. (2001) established the distinct
sorption of two RWT isomers; isomer I sorbs to a lesser extent. In addition to sorption on solid
surfaces, dyes are affected by decomposition by strong light, high salinities, and changes of pH
and temperature (Smart and Laidlaw 1977; Davis et al. 1980; Magal et al. 2008). They can be
lost by chemical decay. RB is more subject to this type of decay (Smart and Laidlaw 1977). They
are also prone to biodegradation in biologically hostile environment (e.g. activated sludge
systems). Loss by biodegradation should be considered in systems with large populations of
microorganisms (Smart and Laidlaw 1977). This is problematic since the dye will be injected
into a sewer in this study.
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Figure 5: Structures of fluorescent dyes (Kasnavia et al. 1999)
2.3.2 Salt Tracers
The most common nonreactive tracers are the anions chloride and bromide (Sanford et al. 1996).
Salts of these anions readily dissolve in water and ionize (e.g. common salt). The ionization
increases the electrical conductivity of the water. A hundred years ago, salt tracers were used to
study the travel time in wells, using electrodes to detect them (Davis et al. 1980). They are
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analyzed using simple methods: measurement of evaporated dry weight, chemical titration, or
electrical conductivity. However, in order to obtain a range of detection limits greater than 2-3
orders of magnitude, the source concentrations must be high (Sanford et al. 1996; Davis et al.
1980). This, ultimately, causes the density and ionic strength to often exceed that of natural
groundwater (Sanford et al. 1996; Davis et al. 1980). Tracers will tend to sink to the bottom and
not follow the flow of the water (Davis et al. 1980). This might be an issue since the selected
tracer in this study may travel with the groundwater. To solve this issue, salt tracers are diluted to
reduce their density effects. Consequently, specific analytical detection of selected ions is used
for the analysis, rather than electrical conductivity (Davis et al. 1980).
Chloride and bromide are very popular because of low cost, ease of detection, and low sorption
(Rieckermann et al. 2005). According to Davis et al. (1980), bromide is one of the most suitable
tracers for groundwater studies. Bromide compounds have low toxicities, and the concentration
of bromide in natural waters is about 1/300 that of chloride. Background concentrations of
bromide in aquifer systems are less than I mg/L (Davis et al. 1980). For a given tracer study, if
bromide is introduced at a concentration of 1000 mg/L, a dilution of 104 of the tracer is possible
with no interference with the background concentration (Davis et al. 1980). However, chloride is
more favored because of its lower cost. The background concentration of chloride in natural
waters is usually about 30 mg/L. Davis et al. (1980) suggest that chloride should be introduced at
a concentration of 3000 mg/L or less to avoid density effects. A dilution of 102 of the tracer is
then possible.
2.3.3 Gas Tracers
Gas tracers have been commonly used to study the movement of air in the unsaturated zone of
the subsurface (Davis et al. 1980). Gases that dissolve in water can also be used to trace the
movement of water. Naturally occurring gases, such as NH 3 and CO 2, tend to ionize in solution
and are too active chemically to make good tracers. The gases H2 S, S02, and CO are too toxic to
be used as tracers. Noble gases are attractive tracers because of their nonreactive and nontoxic
properties. However, tracer studies using noble gases are quite expensive. It is advantageous to
use gas tracers because the source solution can be saturated many orders of magnitude above
background concentrations without significant changes in the physical and chemical properties
of the injection water (Sanford et al. 1996).
Hydrocarbon gases, such as propane, have also been used in tracer studies (Hemond 2012). For
instance, they have been used to estimate reaeration coefficients in natural streams. Yotsukura et
al. (1983) used propane gas to measure its desorption coefficient in a steady channel flow. To
obtain optimal results, they injected the gas at a constant rate for a long time (24 hours). Kim et
al. (2004) used propane in a tracer study to evaluate the mobility of solutes in the subsurface.
After the investigation, propane exhibited conservative transport in the subsurface, and a good
resistance to microorganisms (Kim et al. 2004). However, present methods of separation and
analysis of gas tracers are expensive (Davis et al. 1980). Hence, we opted not to use them in this
study.
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Chapter 3: Bacteriological Analysis
3.1 Study Sites
During the first step of the study, fieldwork was conducted in two high-density residential
neighborhoods: Toa Payoh and Choa Chu Kang. Toa Payoh is located in the Central Region of
Singapore, within the Marina catchment (Figure 6). Originally a swampland, Toa Payoh used to
be a squatter district before it became the second satellite town of Singapore's Housing and
Development Board (HDB). Construction of the neighborhood started in 1965 (HDB 2011). The
study was carried out near Lorong 8. This area consists of several HDB buildings, a school, a
food court, a market and a parking lot (Figure 6). Choa Chu Kang is located in the West Region
of Singapore, within the Kranji catchment (Figure 7). Formally a kampong village, Choa Chu
Kang has been a HDB town since 1977 (HDB 2011). Sampling was conducted near Choa Chu
Kang Crescent. This area consists mainly of HDB buildings and parking lots (Figure 7). These
two locations were selected based on observations and conclusions of previous studies of the
drainage network (Doshi 2012; Shin 2012).
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Figure 6: Location and plan view of study site in Toa Payoh, Singapore
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Figure 7: Location and plan view of study site in Choa Chu Kang, Singapore
3.2 Field Sampling
The first step of the study consisted of taking water samples from the downstream reaches of the
drainage network to the upstream reaches during dry weather. The objective was to find
locations with high bacterial concentrations. Sampling points were selected based on the
topology of the drainage network, indicators of contamination (e.g. smell, appearance), and dry-
weather flow rate. Figures 8 and 9 show the sampling locations at Toa Payoh and Choa Chu
Kang, respectively.
The first step of the study consisted of two phases. Phase I consisted of taking grab samples at
locations TLOI through TL08 and KCOI through KC10. During Phase 2, grab samples were
taken at locations TL05-01 through TL05-04, TL06-01 through TL06-04, KC06-01, and KC06-
02. At Toa Payoh, groundwater was also sampled during Phase 2 at locations TGI and TG2.
TG I was located near a manhole; TG2 was a weep hole into the large drain (Figure 8). Table 2
summarizes the sampling schedule.
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The water samples were collected in sterile 500-mL Whirl-Pak* bags (Nasco, Fort Atkinson, WI,
USA). The samples were taken by hand in open drains or using an extendable sampling pole
(Nasco, Fort Atkinson, WI, USA) in confined spaces. When necessary, a sand bag was used to
dam the low-flow channel in the drain to accumulate sufficient water to allow sampling.
Groundwater was sampled using a PushPoint sampler (MHE Products, East Tawas, MI, USA)
and a syringe pump. The samples were immediately sealed and labeled, and then placed in a
cooler filled with ice. Duplicates and blank samples were prepared to ensure quality control and
a correct manual sampling method (Myers et al. 2007). The samples were transported to the
laboratory within eight hours of collection and stored in the 4*C refrigerator.
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Figure 8: Sampling locations at Toa Payoh
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Figure 9: Sampling locations at Choa Chu Kang
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Table 1: Sampling schedule at Toa Payoh and Choa Chu Kang
Phase Study Site Sampling Location Date
Toa Payoh TLO1, TLO2, TL03, TLO4 01/08/13
Choa Chu Kang KCO1, KC02, KC03, KC04 01/09/13
Phase 1 Toa Payoh TLOI, TL02, TL02', TL03, 01/14/13
TL05, TL06, TL07, TL08
Choa Chu Kang KC0I, KC03, KC05, KC06, 01/16/13
KC07, KC08, KC09, KC10
TL05-01, TL05-02, TL05-03,
Toa Payoh TL05-04, TL06-01, TL06-02, 01/17/13
Phase 2 TL06-03, TL06-04
Toa Payoh TGI 01/21/13
Choa Chu Kang KC06-01, KC06-02 01/22/13
Toa Payoh TG2 01/24/13
3.3 Laboratory Analysis
In the laboratory, a culture-based microbiological analysis was conducted to test for total
coliform, E. coli, and Enterococci. The samples were analyzed using IDEXX products (IDEXX
Laboratories, Inc., Westbrook, ME, USA). Colilertk was the reagent used to enumerate total
coliform and E. coli. Enterolert* was the reagent used to quantify Enterococci. Quanti-
Tray@/2000 trays were used to enumerate from I to 2,419 bacteria in terms of most probable
number (MPN) per 100 mL with a 95% confidence level before dilution (IDEXX 2011).
Concentrations were expected to exceed 2,419 MPN/100 mL based on visual indicators and
smell. Consequently, dilutions were prepared to make sure valid readings would be obtained.
Typically, three dilutions of the samples were prepared using deionized water: 1:1, 1:100, and
1:10,000.
The 1:1 dilution was prepared by pouring 100 mL of sample in a sterile glass bottle using a 100-
mL graduated cylinder. The 1:100 dilution was prepared by mixing 1 mL of sample with 99 mL
of deionized water in a sterile glass bottle. The sample was added using a pipette. For the
1:10,000 dilution, I mL of the 1:100 dilution was added to 99 mL of deionized water using a
new pipette tip. Adjustments were made depending on the volume of water sampled or the
location of the sampling point (i.e. the sampling point was more upstream). When the volume of
water was not sufficient to make the usual dilutions, the samples were analyzed with dilution
factors of 2, 200, and 20,000. For the samples taken more upstream-and expected to be more
contaminated-the dilution factors were 10, 1,000, and 100,000.
The contents of a snap pack of either reagent were added to the diluted sample. After the reagent
dissolved, the mixture was poured directly into a labeled Quanti-Tray, while avoiding contact
with the inside of the Quanti-Tray. Then, the Quanti-Tray was inserted in a Quanti-Tray@/2000
Rubber Insert and sealed with an IDEXX Quanti-Tray* Sealer. Subsequently, the trays were
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incubated in accordance with the IDEXX instructions (at 35'C for total coliform and E. coli or at
41 C for enterococci) for 24-28 hours. After the incubation period, the trays were read. For the
Colilert* reagent, yellow wells tested positive for total coliform, yellow wells that fluoresced
under a 365-nm UV light tested positive for E. coli, and colorless wells meant negative. For the
Enterolert* reagent, a positive result corresponded to wells that fluoresced under a 365-nm UV
light. Finally, the number of positive wells was converted to a most probable number (MPN)
using IDEXX MPN tables (IDEXX 2011).
3.4 Results and Discussion
3.4.1 Results
Phase 1
On January 8, 2013, four samples were collected at Toa Payoh. Total coliform concentrations
ranged from 141,400 to 11,200,000 MPN/100 mL. E. coli concentrations ranged from 365 to
538,000 MPN/100 mL. Enterococci concentrations ranged from 770 to 22,820 MPN/100 mL.
Figures 10, 11, and 12 show respectively total coliform, . coli, and enterococci concentrations
at each sampling location. Similarly, four samples were collected on January 9, 2013 at Choa
Chu Kang. Total coliform concentrations ranged from 77,460 to 1,467,000 MPN/1 00 mL. E. coli
concentrations ranged from 970 to 173,300 MPN/100 mL. Enterococci concentrations ranged
from 100 to 11,060 MPN/100 mL. Figures 13, 14, and 15 show respectively total coliform, E.
coli, and enterococci concentrations at each sampling location. The goal of this preliminary
bacterial analysis was to find locations with low bacterial concentrations to disregard for future
analyses. The lowest concentrations of total coliform, E. coli, and enterococci were observed at
TL04, KC02, and KC04. Hence, they were not sampled subsequently.
On January 14, 2013, eight locations were sampled at Toa Payoh. The concentrations of total
coliform were found to be between 295,000 and 17,330,000 MPN/1 00 mL. E. coli concentrations
were observed to be between 3,410 and 657,000 MPN/100 mL. Enterococci concentrations
ranged from 1,580 to 64,880 MPN/100 mL. Figures 16, 17, and 18 show respectively total
coliform, E. coli, and enterococci concentrations at each sampling location. Similarly, four
locations were sampled on January 16, 2013 at Choa Chu Kang. Total coliform concentrations
ranged from 5,830 to more than 24,200,000 MPN/100 mL. The sampling locations exhibited E.
coli concentrations ranging from 261 to 7,270,000 MPN/100 mL, and enterococci concentrations
from 63 to 97,000 MPN/100 mL. Figures 19, 20, and 21 show respectively total coliform, E.
coli, and enterococci concentrations at each sampling location. The goal of this second bacterial
analysis was to pinpoint locations with high bacterial concentrations or "hot spots." At Choa Chu
Kang, KC06 had the highest concentrations for all indicator bacteria. At Toa Payoh, the results
were less consistent. The highest concentrations of total coliform and enterococci were observed
at TL05, whereas the highest E. coli levels were observed at TL06. However, either TL05 or
TL06 could have been a hot spot and they could have been contaminated by the same source
given their proximity. Consequently, samples were collected upstream of these three locations on
the same drain line during Phase 2.
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Figure 10: Total coliform concentrations at Toa Payoh on 01/08/13
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Figure 11: E. coli concentrations at Toa Payoh on 01/08/13
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Figure 12: Enterococci concentrations at Toa Payoh on 01/08/13
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Figure 13: Total coliform concentrations at Choa Chu Kang on 01/09/13
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Figure 14: E. coli concentrations at Choa Chu Kang on 01/09/13
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Figure 15: Enterococci concentrations at Choa Chu Kang on 01/09/13
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Figure 16: Total coliform concentrations at Toa Payoh on 01/14/13
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Figure 18: Enterococci concentrations at Toa Payoh on 01/14/13
36
0 15 30 60 90 120
Meters
Figure 19: Total coliform concentrations at Choa Chu Kang on 01/16/13
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Figure 20: E. coli concentrations at Choa Chu Kang on 01/16/13
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Figure 21: Enterococci concentrations at Choa Chu Kang on 01/16/13
Phase 2
During Phase 2, samples were collected upstream of the three hot spots found previously, along
the same drain line. On January 17, 2013, eight samples were collected at Toa Payoh. The
concentrations of total coliform ranged from 27,230,000 to 173,300,000 MPN/100 mL. The
concentrations of E. coli were reported to be from 48,200 to 980,400 MPN/100 mL. The
observed concentrations of enterococci were from 41,700 to 435,200 MPN/100 mL. Figures 22,
23, and 24 show respectively total coliform, E. coli, and enterococci concentrations at each
sampling location. At Choa Chu Kang, two locations were sampled on January 22, 2013. Since
only one drain opening exists upstream of KC06, this point was sampled again and called KC06-
02. Total coliform concentrations ranged from 32,550,000 to more than 43,520,000 MPN/100
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mL. The concentrations of E. coli were noted to be between 1,987,000 and 19,350,000 MPN/100
mL. Enterococci were detected at concentrations ranging from 613,100 to 816,400 MPN/100
mL. Figures 25, 26, and 27 show respectively total coliform, E. coli, and enterococci
concentrations at each sampling location. During Phase 2, two groundwater samples were
collected at Toa Payoh. Figures 28, 29, and 30 show respectively total coliform, E. coli, and
enterococci concentrations at each sampling location. The highest total coliform and E. coli
concentrations were noted at TG1 (2,184,000 MPN/100 mL and 41,280 MPN/100 mL
respectively), whereas the highest enterococci concentration was recorded at TG2 (120 MPN/100
mL).
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Figure 22: Total coliform concentrations at Toa Payoh on 01/17/13
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Figure 23: E. coil concentrations at Toa Payoh on 01/17/13
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Figure 24: Enterococci concentrations at Toa Payoh on 01/17/13
42
0 15 30 60 90 120Meters
Figure 25: Total coliform concentrations at Choa Chu Kang on 01/22/13
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Figure 26: E. coil concentrations at Choa Chu Kang on 01/22/13
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Figure 27: Enterococci concentrations at Choa Chu Kang on 01/22/13
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Figure 28: Total coliform concentrations of groundwater at Toa Payoh
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Figure 29: E. coli concentrations of groundwater at Toa Payoh
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Figure 30: Enterococci concentrations of groundwater at Toa Payoh
3.4.2 Discussion
Overall, quality control was ensured during field sampling and laboratory analysis; the potential
sources of error were minimized. The blanks did not show the presence of any E. coli or
enterococci. The duplicates were of the same order of magnitude as the corresponding original
samples. The potential sources of minor discrepancy may be the varying flow in the drain.
Sediment may have been picked up when sampling at certain points-especially at locations
where the water was stagnant. This may have increased the FIB concentrations.
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In general, the concentrations of FIB were found to be higher upstream and near inspection
chambers during Phase 1. Sampling locations TL05, TL06, and KC06 were the closest to
inspection chambers and showed high concentrations. This is in accordance with the hypothesis
that building connections are a likely source for sewer leakage to drains. In fact, as the sampling
stations get closer to the sewer-building connections, the concentrations of FIB increase. During
Phase 2, sampling locations TL05-02 and KC06-02 exhibited the highest FIB concentrations at
Toa Payoh and Choa Chu Kang, respectively. The concentrations of FIB in groundwater were
relatively low in comparison to the levels of FIB in the drains. However, the concentrations of
total coliform and E. coli at TG1, the sampling point near the manhole, were high enough to
suggest that there might be some effect from the sewers. In the second step of the study, a tracer
study was conducted to determine if sewer leakage was occurring near TL05-02.
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Chapter 4: Tracer Study
4.1 Study Site
In the first step of the study, discussed in Chapter 3, the collection and analysis of the water
samples enabled the enumeration of indicator bacteria. As a result, locations with high bacterial
concentrations or hot spots were identified. The second step of the study consisted of conducting
a tracer study to determine if sewers are leaking into the stormwater drains at these locations.
The tracer study was conducted at Lorong 8 Toa Payoh on January 24, 2013. The study site is
shown in Figure 31. Two tracers were injected equally into inspection chambers, IC I and IC2,
which are 1.40 m deep. Drain 1 is a drain opening with a depth of 1.07 m. It was selected as the
monitoring locus because it exhibited high bacterial concentration for all three indicators during
Phase 2. The distance between the stormwater drain line and the sewer line is 2.30 m (Figure 31).
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Figure 31: Location of tracer study at Lorong 8 Toa Payoh
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4.2 Methods and Materials
Rhodamine WT (RWT) and sodium chloride (NaCI) were selected as the most appropriate
tracers for this study. RWT was measured on site using a Turner Designs 10-AU Fluorometer
(Turner Designs, Sunnyvale, CA, USA). The instrument was calibrated in advance in the
laboratory. It measures discrete or continuous flow samples, and eliminates the need for
laboratory analysis (Turner Designs 2012). Specific conductance, a surrogate measure of NaCl,
was monitored on site using a YSI Model 30 conductivity meter (YSI Inc., Yellow Springs, OH,
USA). The meter is factory calibrated and measures the following parameters: conductivity,
specific conductance, and salinity. Specific conductance (i.e. temperature compensated
conductivity) was selected for this study because it automatically converts the reading to the
value which would have been read if the sample had been at 25'C (YSI Inc. 2007). Figures 32
and 33 show respectively the YSI Model 30 conductivity meter and the 10-AU Fluorometer that
were used in the study.
Three separate surveys were completed. The preliminary survey was conducted on January 21,
2013. The dye and brine solutions used were prepared beforehand in the laboratory. A 100-
parts-per-thousand (ppt) brine solution was prepared by mixing 2 kg of common salt with 20 L
of tap water. Hot water was used to facilitate dissolution. A 5-ppt dye solution was prepared by
mixing 20 g of dye with 4 L of tap water. In the field, Drain I was monitored for background
specific conductance and fluorescence for one hour and eight minutes. Subsequently, the brine
and dye solutions were equally injected into ICI and IC2 for 86 and 81 minutes respectively.
Then, specific conductance and fluorescence were monitored at Drain I for 2 hours and 27
minutes.
The methodology was refined after conducting the preliminary survey. A second survey was
conducted on January 24, 2013. A 200-ppt brine solution was prepared by mixing 8 kg of
common salt with 40 L of hot tap water. A 5-ppt dye solution was prepared similarly to the
preliminary survey. In the field, Drain 1 was monitored for background specific conductance and
fluorescence for one hour. Then, the brine and dye solutions were fed into IC1 and IC2. Two
kilograms of solid salt were also deposited on top of the bench inside ICI and IC2 to be an
additional source of NaCl. Figure 34 shows the tracers after they were introduced into IC1. NaCl
and RWT were injected into both inspection chambers for 45 and 25 minutes respectively.
Specific conductance and fluorescence were measured, respectively, every 10 and 15 minutes at
Drain I for 3 hours.
Ekklesia (2013) improved the methodology, and conducted a third survey on February 4, 2013
using NaCl as the only tracer. She measured background levels for 30 minutes, and then injected
a 220-ppt brine solution into ICI and IC2 for 20 minutes. No solid salt was placed in either drain.
She monitored Drain I every 10 minutes for 4 hours and 10 minutes.
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Figure 32: YSI Model 30 conductivity meter (YSI Inc. 2007)
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Figure 33: Turner Designs 10-AU Fluorometer (Turner Designs 2012)
Figure 34: Brine, dye, and solid salt after they were injected in ICl
4.3 Results and Discussion
Due to technical difficulties with the fluorometer, only five samples were analyzed for
fluorescence during the preliminary study. Background fluorescence was not monitored. The
measured dye concentrations are plotted in Figure 35. The concentrations monitored ranged from
12.3 parts per billion (ppb) to 23.8 ppb. The response was a gradual increase. Figure 36 shows
the measured specific conductance during the preliminary study. Initially, the measured baseline
specific conductance decreased substantially from 528 tS/cm to 155 pS/cm. Then, after the
injection of NaCl started, it increased briskly to 342 pS/cm. The monitored response was also a
gradual increase afterwards.
An insufficient amount of time was allotted for the monitoring of both tracers during the
preliminary study. This may be the reason why a clear signal was not observed-peak
concentrations were never reached. The response, while not very conclusive, suggested the
likelihood of a connection between the sewer line and the stormwater drain line. Hence, a further
investigation was imperative. The method needed, however, some modification in order to obtain
more convincing results. Consequently, in the second survey, the duration of tracer input was
decreased, baseline conditions were monitored longer, and more salt was utilized to compensate
for high background levels.
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Figure 35: Measured RWT concentration during the preliminary survey
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Figure 36: Specific conductance over time from the preliminary survey
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Figure 37 shows the passing of RWT through Drain 1 during the second survey. The background
concentrations of RWT were relatively high-36.6 ppb on average. The injection of RWT into
ICI and IC2 started at 11:30. A peak concentration of 48 ppb was observed five minutes
afterwards. Subsequently, the concentration profile exhibited a generally decreasing trend over
time with some minor spikes, and a non-negligible peak of 26.7 ppb at 14:20. Figure 38
illustrates the passage of NaCl through Drain I during the second survey. The monitored
background concentrations of NaCl were relatively low--494.6 pS/cm on average. The brine and
solid salt were injected into ICI and IC2 from 11:15 to 12:00. Two peak concentrations (in terms
of specific conductance) were recorded. They arrived, respectively, at 12:35 and 14:55. The peak
values were 1122 pS/cm and 1729 pS/cm.
RWT failed to provide a clear signal during the second survey. As seen in Figure 37, the
fluorescence fluctuated with no apparent pattern, and the dye concentrations in the drains were
higher before the input of the tracer. The observed pattern may arise from the presence at non-
negligible background levels of other fluorescent substances in the sewer such as whiteners in
laundry detergents. Residual RWT from the preliminary tracer study may also have been present
in the sewer. This phenomenon can taint the interpretation of the results. A peak created by the
other fluorescent substances or residual RWT can be mistaken for the passage of the tracer.
Overall, whether the peaks stems from RWT, residual RWT, other fluorescent substances, or
some combination, the fluorescence measurements provide some indication of potential
pathways between the sewer line and the stormwater drain line.
NaCl provided an unusual signal during the second survey. Two peaks were observed instead of
one (Figure 38). There are several possible explanations for this unexpected response. First, one
may interpret that the first peak is due to short-circuiting of the salt solution-the tracer took the
shortest path possible. Another potential explanation is that the second peak may result from the
additional solid salt that was deposited on the bench inside the inspection chambers, which
eventually may have dissolved. The baseline conditions for NaCl and other detectable ions in the
sewer are likely non-negligible (Rieckermann et al. 2005). Similarly to the RWT situation, a
peak created by the NaCl and other detectable ions originally present in the sewer can be
mistaken for the passing of the tracer. Although strongly suggestive, the results were not
convincing enough to draw definitive conclusions as to whether the sewers are leaking. A repeat
of the study, with improvements on the methodology, was needed to draw decisive conclusions.
The monitored background concentrations of NaCl, during the third survey, were 380 pS/cm on
average. A peak concentration (in terms of specific conductance) of 3190 pS/cm arrived at
13:50. Ekklesia did not observe a second peak. Figure 39 illustrates her results. The curve
exhibited a classic response-a steep rising limb and a gradual recession limb. The nature of the
curve suggests that the tracer was well constrained and that longitudinal dispersion was
negligible. The minor spikes that were detected during the test are unimportant. Using solely
brine created less confusion in the results, and the trend was clearly defined. Increasing the
concentration of the tracer, and decreasing the injection duration were decisive factors. The
repeat survey suggests that there is a definite connection between the sewer line and the
stormwater drain.
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Figure 38: Specific conductance over time from the second survey
Ekklesia's results give an indication of the time of travel. The peak concentration occurred 150
minutes after release. To compute an average velocity, the distance traveled by the tracer needs
to be known. However, the leakage location(s) and the pathway of the tracer between the sewer
line and the stormwater drain line are unknown. Initially, it was assumed that groundwater was
transporting sewage from a highly pressurized sewer pipe to the adjacent stormwater drain
through pressure release nodes. However, this phenomenon is unlikely in this situation because
the sewer is deeper than the stormwater drain-water cannot travel upgradient. Additionally, as
mentioned in Chapter 3, the concentrations of FIB in groundwater were lower compared to the
concentrations in the drain. It may be that the tracer is being transported from the damaged sewer
pipe through concrete cracks and macropores in the soil-additional field studies are
recommended to further study the migration pathways.
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Figure 39: Specific conductance over time from the third survey (Ekklesia, 2013)
Random and systematic errors might have been committed during the experiment and might
have affected the measurements. Conductivity and fluorescence were monitored at the same
point throughout the study-concentrations may vary laterally and vertically within the drain
cross section. The potential sources of uncertainty also include rainfall, which occurred during
the preliminary and official studies and could have diluted the tracers. The rainfall event during
the preliminary study (Figure 35) started around 13:20 and lasted 40 minutes. The initial drop of
background NaCl during the preliminary study may be due to dilution by the rain runoff. The
first rainfall event, which occurred at 13:10 during the second survey (Figure 37), was light and
only lasted 5 minutes. Its repercussions on the test were likely negligible. In fact, the rain started
after the peak had already passed. The second rainfall event, occurring at 15:05 during the
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second survey (Figure 37), however, was heavy and significantly increased the flow in the drain
(Figure 40). The test had to be interrupted.
Figure 40: Left: Dry-weather flow in Drain 1; Right: Flow in Drain 1 during heavy rainfall event on 01/24/13
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Chapter 5: Conclusion
PUB developed the Active Beautiful Clean Waters (ABC Waters) Programme to bring
Singaporeans closer to their water bodies so that they may cherish them and be more conscious
of water scarcity. However, there have been water quality concerns in the reservoirs. Studies in
the past (Dixon et al. 2009; Foley et al 2010; Bossis et al. 2011; and Doshi et al. 2012) have
investigated the point and nonpoint sources of contamination of the Kranji Reservoir and the
stormwater drains feeding it. Understanding the sources and pathways of contaminants will
inform appropriate treatment options for PUB to control these contaminants and protect public
health. A two-step study was conducted to determine if sewer leaks near building connections
are a source of fecal contamination in the stormwater drainage system in Singapore. First, the
collection and analysis of water sampled along the stormwater drainage system enabled the
enumeration of indicator bacteria. Consequently, locations with high bacterial concentrations or
hot spots were identified. The second step of the study consisted of a tracer study to determine if
sewers were leaking into the stormwater drains at these locations.
Doshi (2012) conducted a preliminary investigation of leaky sewers as a source of fecal
contamination in the stormwater drainage system in Singapore. Based on the literature on sewer-
groundwater interactions, sewer exfiltration is more likely to occur when the groundwater table
is below the sewer pipe. However, if a sewer pipe below the water table is pressurized enough,
exfiltration can occur. The factors that influence sewer exfiltration include the rate of exfiltration
and the formation and destruction cycles of clogging layers. A review on the nature of the
geology and soils on the island indicated that fractures exist in the bedrock of two geologic
formations (Jorong Formation and Bukit Timah Granite), and that the soils in Singapore have
low hydraulic conductivity and low potential to carry sewage. The groundwater model she
developed gave estimates of the travel times of sewage from a deteriorated sewer pipe to a
stormwater drain. The travel times were on the order of weeks for regular soil and less than a day
for a high-flow-rate conduit. Based on her findings and field observations in the neighborhood of
Toa Payoh, her conclusion was that sewers are deep and generally below the water table. Hence
exfiltration of sewage from the deep sewers into the groundwater is unlikely. She hypothesized
that sewer leaks at building connections may be the source of fecal contamination in the drains.
A literature review on sewer leakage, bacterial contamination, and potential tracers to use during
a tracer study provided the framework for the development of the methodologies of the
bacteriological analysis and tracer study used for the research reported in this thesis. Sewer leaks
are often due to structural defects of the sewer system (e.g. cracking, lateral deflection, crown
sag, offset joints, etc.). Sewer leakage may result in soil erosion and/or microbiological and
chemical contamination of the surrounding groundwater and soil. Several methodologies have
been developed to quantify sewer leakage. Tracer studies are a cost-effective method. In order to
assess fecal contamination in the drains, three fecal indicator bacteria were used: total coliform,
E. coli, and enterococci. However in tropical regions like Singapore, these FIB can grow and
replicate independently of fecal sources. Therefore, the second step in this study was to conduct
a tracer test to determine if sewers are the source of the high bacterial levels observed in the
drains. Based on the literature on fluorescent dyes, salt tracers, and gas tracers, RWT and NaCl
were eventually chosen as the most appropriate tracers for this study.
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The objective of the first step of this study was to determine locations with high bacterial
concentrations. Sampling was conducted in two phases in two high-density residential
neighborhoods: Toa Payoh and Choa Chu Kang. During Phase 1, four samples were collected on
the first day and eight samples were collected on the second day at each location. Eventually,
the highest concentrations of FIB were found at the TL05 and TL06 locations in Toa Payoh and
the KC06 location in Choa Chu Kang. Consequently, samples were collected upstream of these
three locations on the same drain line during Phase 2. Station TL05-02 exhibited the highest
bacterial concentrations for all three FIB at Toa Payoh during Phase 2. As a result, the tracer
study was conducted at this location. In general, the highest bacterial concentrations were found
at the upstream reaches of the drainage network, near inspection chambers.
During the second step of the study, three separate tracer tests were completed, refining the
methodology progressively. The tracers were injected equally into two inspection chambers, and
fluorescence and specific conductance were monitored at the drain opening that exhibited the
highest concentrations of FIB during Phase 2. The response obtained during the preliminary
survey was not very conclusive. Hence, the method was refined by increasing the concentration
of the brine to account for high background concentrations and decreasing the injection duration.
Although strongly suggestive, the response of NaCl during the second survey was not convincing
enough to draw conclusions as to whether the sewers are leaking-two peaks were observed
instead of one. There are multiple plausible explanations for this phenomenon. For instance, the
solid salt that was deposited inside the inspection chambers may have dissolved later on and
caused the second peak. A third survey, with the methodology refined, was needed to draw
definitive conclusions. RWT failed to provide a clear signal during the preliminary and second
surveys. Consequently, it was not used during the third survey. Ekklesia (2013) conducted the
third survey using only brine at a higher concentration. The response obtained was the classic
shape that was expected, and suggests that there is a connection between the sewer line and the
drain line.
In conclusion, the main objective of this study, which was to determine if sewer leaks near
building connections are a source of fecal contamination in the stormwater drainage system in
Singapore, was achieved. In fact, the results of the study suggest that sewers near building
connections can leak into the stormwater drains. Sewage may be transported through concrete
cracks and macropores in the soil, but does not appear to be traveling via the porous medium.
The concentrations of FIB in groundwater were relatively low in comparison to the levels of FIB
in the drains. However, the concentrations of total coliform and E. coli near the manhole were
high enough to suggest that there might be some effect from the sewers. In the future, more
subsurface samples should be taken and analyzed for FIB in order to determine if groundwater is
a medium of transport of exfiltrated sewage. If the tracer study is repeated, brine should be used
at a higher concentration to account for the high baseline conditions; the tracer injection duration
should be decreased as well. The tracer study gave a qualitative response. Hence, one could also
conduct a tracer study on the sewer line using methodology similar to that used by Rieckermann
et al. (2007) to find out how much tracer is lost, and potentially where leakage is occurring.
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Appendix A: Fecal Indicator Bacteria (FIB) Concentrations
Table A-I: Phase I FIB Concentrations
Sample Sampling Location Date & Time Total Coliform E. coli Enterococci
Name Sampled (MPN/IO mL) (MPN/100 mL) (MPN/100 mL)
TLAOI Lorong 8 Toa Payoh 8 Jan 2013 11:48 11,199,000 253,000 4,080
TLA02 Lorong 8 Toa Payoh 8 Jan 2013 12:00 6,131,000 512,000 15,650
TLA03 Lorong 8 Toa Payoh 8 Jan 2013 13:40 9,208,000 538,000 22,820
TLA04 Lorong 8 Toa Payoh 8 Jan 2013 13:49 141,360 365 770
KCAOI CCK Crescent 9 Jan 2013 15:17 1,198,000 129,970 5,480
KCAOID CCK Crescent 9 Jan 2013 15:22 414,000 98,040 6,570
KCA02 CCK Crescent 9 Jan 2013 15:28 155,310 970 100
KCA03 CCK Crescent 9 Jan 2013 15:54 1,467,000 173,290 11,060
KCA04 CCK Crescent 9 Jan 2013 16:15 77,460 1,633 2,022
KCAB1 CCK Crescent 9 Jan 2013 15:24 96 <1 <1
TLBOI Lorong 8 Toa Payoh 14 Jan 2013 12:38 1,017,000 5,560 3,550
TLB02 Lorong 8 Toa Payoh 14 Jan 2013 12:38 6,867,000 51,720 15,000
TLB02' Lorong 8 Toa Payoh 14 Jan 2013 12:38 295,000 3,410 1,580
TLB03 Lorong 8 Toa Payoh 14 Jan 2013 13:18 7,270,000 86,640 24,890
TLB05 Lorong 8 Toa Payoh 14 Jan 2013 14:10 17,329,000 86,640 64,880
TLB06 Lorong 8 Toa Payoh 14 Jan 2013 14:14 6,488,000 657,000 13,740
TLB07 Lorong 8 Toa Payoh 14 Jan 2013 14:20 7,701,000 10,710 23,590
TLB08 Lorong 8 Toa Payoh 14 Jan 2013 14:51 1,989,000 41,000 57,940
TLB08D Lorong 8 Toa Payoh 14 Jan 2013 14:51 2,481,000 98,040 98,040
TLBBI Lorong 8 Toa Payoh 14 Jan 2013 15:02 <1 <1 <1
KCBO I CCK Crescent 16 Jan 2013 11:10 1,250,000 54,750 2,330
KCBO1D CCK Crescent 16 Jan 2013 11:14 2,143,000 68,670 3,840
KCB03 CCK Crescent 16 Jan 2013 11:25 1,553,000 86,640 4,960
KCB05 CCK Crescent 16 Jan 2013 11:50 68,670 435 850
KCB06 CCK Crescent 16 Jan 2013 11:58 >24,196,000 7,270,000 97,000
KCB07 CCK Crescent 16 Jan 2013 12:32 34,480 261 91
KCB08 CCK Crescent 16 Jan 2013 12:48 5,830 291 63
KCB09 CCK Crescent 16 Jan 2013 12:43 160,000 7,440 1,210
KCB1O CCK Crescent 16 Jan 2013 12:59 41,060 1,610 1,320
KCB08D' CCK Crescent 16 Jan 2013 12:48 6,630 100 <100
KCBBI CCK Crescent 16 Jan 2013 9:00 - <1 <1
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Lab Duplicate
Table A-2: Phase 2 FIB Concentrations
Sample Sampling Location Date & Time Total Coliform E. coli Enterococci
Name Sampled (MPN/100 mL) (MPN/100 mL) (MPN/1OO mL)
TLC05-01 Lorong 8 Toa Payoh 17 Jan 2013 14:20 41,060,000 121,100 307,600
TLC05-02 Lorong 8 Toa Payoh 17 Jan 2013 13:53 98,040,000 980,400 435,200
TLC05-03 Lorong 8 Toa Payoh 17 Jan 2013 14:14 32,550,000 298,700 178,500
TLC05-04 Lorong 8 Toa Payoh 17 Jan 2013 14:05 27,550,000 113,000 365,400
TLC06-01 Lorong 8 Toa Payoh 17 Jan 2013 14:35 27,230,000 49,600 76,300
TLC06-02 Lorong 8 Toa Payoh 17 Jan 2013 14:41 29,090,000 80,900 65,700
TLC06-03 Lorong 8 Toa Payoh 17 Jan 2013 14:51 104,620,000 90,900 41,700
TLC06-04 Lorong 8 Toa Payoh 17 Jan 2013 15:01 173,290,000 48,200 86,000
TLCB1 2  Lorong8ToaPayoh 18 Jan 2013 11:00 <1 <1 <1
KCC06-01 CCK Crescent 22 Jan 2013 12:39 43,520,000 1,986,300 613,100
KCC06-02 CCK Crescent 22 Jan 2013 12:48 32,550,000 19,350,000 816,400
TG1 Lorong 8 Toa Payoh 21 Jan 2013 16:50 2,184,000 41,280 22
TG2 Lorong 8 Toa Payoh 24 Jan 2013 15:01 2,282 41 120
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2 Lab Blank
Appendix B: Tracer Study Results
Table B-1: Concentration of Rhodamine (ppb) over time during the preliminary survey
Table B-2: Specific conductance (pS/cm) over time from the preliminary survey
Time Specific Conductance (pS/cm) Temperature (IC)
13:16 528.3 27.6
14:12 155.0 27.5
14:33 342.0 27.5
14:39 342.0 27.5
14:55 375.9 27.5
15:00 386.4 27.5
15:05 397.5 27.5
15:10 407.2 27.5
15:15 418.0 27.6
15:20 425.3 27.6
15:25 436.1 27.6
15:30 444.8 27.6
15:35 451.2 27.6
15:40 461.0 27.6
15:45 467.8 27.6
15:50 473.5 27.6
15:55 478.0 27.6
16:00 481.1 27.6
16:10 484.9 27.6
16:20 497.3 27.6
16:30 502.1 27.6
16:40 508.7 27.6
16:50 514.5 27.6
17:00 524.0 27.6
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15:19 12.3
15:52 13.9
16:18 16.0
16:41 17.8
16:58 23.8
Time Rhodamine WT (ppb)
Table B-3: Concentration of Rhodamine (ppb) over time during the second survey
Time Rhodamine WT (ppb)
10:35 38.0
10:50 32.1
11:05 32.9
11:20 43.3
11:35 48.0
11:50 43.6
12:05 30.1
12:20 36.2
12:35 28.0
12:50 20.4
13:05 25.2
13:20 16.8
13:35 7.6
13:50 8.5
14:05 24.6
14:20 26.7
14:35 12.4
14:50 11.1
15:05 3.2
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Table B-4: Specific conductance (pS/cm) over time from the second survey
Time Specific Conductance (pS/cm) Temperature (OC)
10:25 485.0 28.1
10:35 478.0 28.1
10:45 481.0 28.1
10:55 468.0 28.1
11:05 561.0 28.1
11:15 426.8 28.2
11:25 412.9 28.2
11:35 424.3 28.2
11:45 423.1 28.3
11:55 414.8 28.3
12:05 497.0 28.2
12:15 440.9 28.3
12:25 673.0 28.1
12:35 1122.0 28.0
12:45 937.0 28.0
12:55 698.0 28.1
13:05 542.0 28.1
13:15 504.0 28.0
13:25 428.4 28.1
13:35 413.2 28.2
13:45 352.8 28.2
13:55 351.6 28.2
14:05 303.4 28.2
14:15 319.0 28.2
14:25 325.1 28.2
14:35 306.3 28.2
14:45 313.6 28.2
14:55 1729.0 28.2
15:05 1143.0 28.2
15:15 375.0 28.7
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Table B-5: Specific conductance (pS/cm) over time from the third survey (Ekklesia 2013)
Time Specific conductance (pS/cm) Temperature (IC)
10:50 377.6 28.9
11:00 371.4 28.9
11:10 389.5 29.0
11:20 505.0 28.9
11:30 518.0 28.9
11:40 564.0 28.9
11:50 627.0 28.9
12:00 619.0 28.9
12:10 580.0 28.9
12:20 736.0 28.6
12:30 656.0 28.6
12:40 467.0 28.7
12:50 410.6 28.7
13:00 419.1 28.8
13:10 463.5 28.8
13:20 648.0 28.8
13:30 713.0 28.8
13:40 674.0 28.8
13:50 3186.0 28.5
13:55 2715.0 28.5
14:00 1584.0 28.6
14:10 958.0 28.7
14:20 783.0 28.8
14:30 680.0 28.8
14:40 652.0 28.8
14:50 723.0 28.9
15:00 741.0 28.8
15:10 454.8 28.7
15:20 413.6 28.7
15:30 365.2 28.6
15:40 358.3 28.7
15:50 367.2 28.7
16:00 365.8 28.8
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